J. Mol. Biol. (1064) 8, 708-726

Mechanism of RNA Polymerase Action:
Characterization of the DNA-Dependent Synthesis of
Polyadenylic Acid

Miciiarn CHAMBERLINT AND PaUL Brnra
Departiment of Biochemistry, Stunford University School of 3edicine
Pualo Alto, California, U.S.A.

{Received 27 January 1964)

Purified preparations of DNA-dependent RNA polymerase vom Fselerichia eoli
catalyse a DNA-dependent synthesis of long-chain polyadenylic acid when AT
15 the only ribonucleoside triphosphate added to the reaction. Polyadenylic acid
synthesis differs from DNA-dependent synthesis of complementary RNA in threo
mnportant respects. First, the ehain-length of the polyadenylic acid product is
greater by 5 to 10 times than that of the deoxythymidylic acid sequence in
DA which serves as teinplate. Secondly, addition of one, two or all three of the
other ribonucleoside triphosphates to the reaction at low concentrations (Jess than
231078 31) brings about a striking inhibition of polyadenylic aciel synthesis.
In the predence of all four of the ribonucleoside triphosphates, no polyadenyvlic
acid is produced. Inhibition by any given ribonucleoside triphosphate is dependent
on the presence in the DNA template of the nucleotide base complementary to
that inhibiting triphosphate. Finally, only single-stranded  DNA - serves to
direct polyadenylic acid synthesis.

It s proposed that DNA-dependent polyadenylic acid synthesis is due to a
reiterative copying of short sequences of thyvinidylic acid residues in the DNA
template rather than to & separate polyadenylic acid polymerase. The inhibition
of this synthesis by the other ribonucleoside iriphosphates ay be duce to
fixation of the enzyme on the template at a deoxynucleotide base complementary
to the base of the inhibiting triphosphate, thus preventing further copying of
thymidylic acid sequences. The relevance of these findings to the general
mechanisin of polynucleotide synthesis by this enzyme is discussed.

1. Introduction

DNA-directed RNA polymerase eatalyses the synthesis of RNA, utilizing the four
ribonueleoside triphosphates as nucleotidyl precursors (reviewed by Crunberg:
Manage, 1962; Stevens, 1963). In this reaction DNA serves as a template in diroctinig
the synthesis of an RNA of complementary nucleotide scquence (Furth, Hurwitz ©
Goldmann, 1961; Weiss & Nakamoto, 1961). This sequence ecomplementarity between
template and product is maintained despite radical changes in the nucleotide com
position (Furth ef al., 1961; THurwitz, Evans, Babinet & Skalka, 1963) or secondary
structure (Hurwitz, Furth, Anders & Tivans, 1962; Wood & Berg, 1663) of the
template. The observation that purified preparations of RNA polvmerase from
Escherichia coli catalyse a DNA-dependent synihiesis of polyadenylie acid wheit

1 Present address: Biochemistry and Virus TLaboratory, University of California, Berkeley:
California.
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AP i the only ribonucleoside triphosphate added to the reaction (Stevens, 1961 :

b:,lzmllwrlin & Berg, 1962) presented an apparent exception to this complementarity
of yanplate and product.

Two unigue features of this DNA-dependent polyadenylic acid synthesis were:

i) sdition of one, two or all three of the other ribonucleoside triphosphates Vto the

mction brought about a striking inhibition of polyadenylic acid synthesis. In the

presenee of all four of the ribonueleoside triphosphates, no polyadenylic acid was
spmed; (2) the polyadenylic acid product exceeded 60 adenylic acid residues in

(th. Since it seemed unlikely that this reaction was due to a separate polvadenylic

wcid polymerase in the RNA polymerase preparations used, 1 we proposed (Chamberlin
& Berg, 1962) that DNA-dependent polyadenylic acid synthesis results from a com-
plementary copying by RNA polymerase of short deoxvihyvinidylic acid sequences
queh as are known to oceur in DNA (Burton & Petersen, 1960 Shapivo & Chargalf,
1960), accompanicd by some process of ehain elong

ation. This process of chain elon-

gation was assumed to be a consequence of “slipping”; i.e., a continuous displacement
;f the product from the short deoxythymidylic acid template sequence, resulting in
fhe gencration of unpaired thymidylate residues to serve as sites for the addition of
new adenyvlie acid units. We shall henceforth refer to this process as the “reiterative
copying” of a given template sequence. Inhibition of DNA-dependent polyadenylie
acid synthesis by the other nucleoside triphosphates was thought to result from
mterference with reiterative copying. The recent demonstration by Falasehi, Adler
& Khorana (1963) that deoxythymidylic acid olivomers containing as few as five

nucleotidyl residues could be wsed by FK.ocoli RNA polynierase to diveet the synthesis
of a long-chain polyadenylic acid product (50 to 100 vesidues) provides strong support
for the existence of such a reiterative copying process,

In the present paper we report experiments which conecern the marked cffect of
chinges in the sceondary structure of DNA on its ability to diveet polvadenylic acid
syathesis, some observations on the nature of the inhibition of DNA-directed
polvadenylic acid synthesis by nucleoside triphasphates, and dizeuss the hearing of
theze findings on the mechanism of polynucleotide synthesiz by RNA polymerase.

2. Materials and Methods

Culabeled ribonucleoside triphosphates and [VBCJATEP were purchased from Schwarz
Bloresearch, Mt Vernon, New York. [«-82D|CTP, [PWCIGTE and [BCJCTE were prepared
o before (Chamberlin & Berg, 1962). Ribonncleozide mono- and diphosphates were
products of the Sigma Biochemical Corporation, St. Louis, Missouri. Unlabeled and
El-dabeled deoxyribonueleoside triphosphates were purchased  from the  California
Corporation for Biochemical Rescarch, Los Angelos, California, and prepared according
o Lehman, Bessman, Simms & Kornbery (1958).

I eoli exonuclease 1 was prepured according to Lehman (1060). 4. eoli RNA
polymerase was prepered as previously desceribed (Chamberlin & Derg. 1862)0 Fozvime
fraction 4 was naed throughout; after elution from the DEAEK colinmnn, the enzyme was
precipitated fronn solution by the addition of 1-2 vol. of saturated ammoninm sulfute
solution, pH 8, and was dissolved In a solution coutaining G- aM-amrmonium sulfate,

T Previous studies (Chamberlin & Berg, 1962) excluded the possibility that the DNA-dependent
POI}'A(IHH}'MO acid synthesis was due to polynucleotide phosphorylase or to a polyadenylic acid
Polymerase of the RNA-dependent type (August et ul., 19062; Gottesmar e ol 1962). Furtherinore,
there was no separation of the activities for RNA and for polyadenylic acid synthesis during the
150-fold purification of the enzyme. Finally, gradient chromatography of fraction 4 RNA
pf)lymm-asu on DIIAE-ccllulose or on hydroxylapatite, which gives rise in cach instance to o
Single peak of protein and of enzyme. failed to separate the two activities (Chamberling 1963).
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0-01 »-tris buffer, pIi 8, 0-001 m-MgCl, and 0-005 »M-glutathione, and stored in a liquiq.
nitrogen refrigerator. Samples stored in this manner showed no loss in activity afte
storage for more than 14 months,

The assay for formation of complementary RNA with polymerase measures the rag,
of conversion of 32P or MC from a ribonucleoside triphosphate into an acid-insoluble fory
(Chamberlin & Berg, 1962). Enzyme dilutions werc made with a solution containing
0-01 m-tris bulfer, plf 8, 0-01 ar-MgCl,, 0-01 m-f-moercaptoethancl, 0-00005 wm-EDTA zms
1 mg/ml of crystalline bovine seram albumin. The reaction mixture (0-25ml.) contained.
10 pmoles of tris buffer, pH 7-9 to 8-1, 0-25 pmole of MunCl,, 100 mpmoles each of
AP, UTP, GTP and CTP, 250 mpmoles of salmon sperm DNA, 3-0 panoles of
B-mercaptoethanol and 10 to 80 units of enzyme. One of the ribonucleoside triphosphates
was labeled with from 300 to 2000 ets/min/mpanole. After incubation at 37°C for
10 min, the reaction mixture was chilled in ice, and 1-2 mg of serum albumin (0-03 )
was added, followed by 3ml. of ice-cold 3-59% PCA.t The precipitate was (li.\'pm'sud:
centrifuged for 5 min at 15,000 g, and washed twice with 3 ml. portions of ice-cold DA,
The residue was suspended in 0-5 ml. of 2 N-ammonium hydroxide solution, transferred to
an aluminum planchet and, after drying, counted in a windowless gas-flow counter. The
assay for polyadoenylic acid fornation was carricd out under identical conditions except
that GTP, UTP and CTP were omitied from the reaction mixture.

The following DNA preparations were obtained essentially as described in the
accompanying references: DNA from calf thymus (Kay, Simmons & Dounce, 1952),
DNA {from T2 phage (Josse, Kaiser & IKornberg, 1961), DNA from A phage (Kaiser &
Hogness, 1960), calf thymus apurinie acid (Tamm, IHodes & Chargaff, 1952), dAT
copolymer (Schachman, Adler, Radding, Lehiman & Koruberg, 1960) and high molecular
weight dI, dG and dC homopolymers (Inman & Baldwin, 1964). Polydeoxythymidylic
acid oligomers of known chain-length were prepared and isolated by the method of
Tener, Khorana, Markhara & Pol (1958). They were generously provided by Dr. A
Nusshaum, of Stanford University, and by Dr. . G. Khorana, of the University of
Wisconsin. Heat denaturation of DN was cavried out by heating the preparation for
15 min at 100°C at an lonic strength equal to or less than 0-1, and cooling the solution
rapidly in an ice-bath.

Protein was determined by the raethod of Lowry, Rosebrough, Farr & Raundall (19351).
Nucleic acid concentrations are expressed in terms of total nucleotide.

3. Results
(a) Effect of DN A composition and secondary striucture on
polyadenylic acid synthesis

A puzzling feature of DNA-dependent polyadenylic acid synthesis has been the
observation that samples of DNA from a given source could differ significantly in
their ability to direet polyadenylie acid formation, although these same preparations
were nearly equivalent in thelr ability to direct RNA synthesis (Chamberlin & Berg
1962; J. Hurwitz, personal communication). The source of these differences becamé
known when it was found that single- but not double-stranded DNA could direct
polyadenylic acid synthesis. As shown in Table 1, DNA preparations isolated with
care to preserve the native helical structure of the polymer fail to support poly-
adenylic acid synthesis. Heat denaturation of these same samples, however, produce
a DNA which is highly active in this regard.

1 Abbreviations used: LCA = perchloric acid;  dAT = tlooxy:uleuylntc»dco:\'}th‘\'midyl«"ite
copolymer; dl  polymer = polvdeoxyinosinic acid; dC polymer = polydeoxyeytidylic 11§1d3
dG polymer = polydeoxyguanylic acid; dT polymer = polydeoxythiymidylie acid. A simdlar
notation s uged for the polyvribonucleic acid analognes (rA polvmer, rU polymer, rC })4.11}'1{‘”
and »G polymer). dT'y oligomer is a polydeoxythymidytic acid with a chain-length of nine. The
nomenclature used is esseutially that set forth by Inman & Baldwin (1062). dAMP, dADD 2
dATP designate thedeoxyadenosine-5’-mono-, di- and triphosphates, respectively ; a similar m_)t,n:lfn
is used for deoxythymidite (A1), deoxyuridine (d0), deoxyeytidine (dC) and deoxyguanosine (de‘.«
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This observation  suggested  that  the polvadenyiic acid  synthesis observed
pr(‘\ﬁullSl‘\' using native calf thymus DNA (Chamberlin & Berg, 1962) was due 1o the
pr e of denatured DNA in these preparations. This possibility was tested by
fpenting the calt thymis DNA with exonuclease T from 0 eoli (Lehman, 1960),
Shich selectively degrades denatured DNAL As shown in Table 2, this treatient

Tasre i

Activity of native and heal-denalured DN A in directing polyadenylic
and BN A synthesis

Tncorporation of [PICIAMY into:
DNA Treatisent HNA polyadenylie acid
(mpannles)

A phage None 18 < (r1
15 wmin at 100°C 2-1 70
T2 phage None 2-3 0-3
15 min at 100°C 2.0 3-8

The rates of RNA and polyadenylic acid synthesis were measured by incorporation of [B3CJAMP
o= deseribed in Materials and Methods. Where appropriate, 25 nyanoles of A DNA or 120 mpmoles
o T2 DNA were added, 7 g of BNA polymerase were used in cach experiment.

Tanre 2

ffect of pre-incrnbation with 15, coli ecxonnelease I on the ability of DN A to
support polyadenylic acid and RN A synthesis

Tncorporation of {HCIAMEP into:
Teraplate Treatment N A polyadensylie acid
{ayunoles)

Call thymus DNA No diesterase 3-0 1t
Diesterase 26 0-1
Calf thyrmus DNA,
heated 15 min at 100°C No diesterase 1-9 €5
Diesterase 0-1 0-1

To & reaction mixture (0-13 ml.) containing 10 pmoles of tris, pfI 8, 1pmele of MgCl, and
23 myemoles of calf thymus DNA were added 20 units of £ rol? exonuclease 1 (DIAE-fractionated
vime, Lehman, 1960) where noted. and the solution was ineubated for 2 bhr at 37°C. At this
time the action of tha exonuclease was stopped by addition of 0:25 janole of MuCly, (ef, Lehman,
1360) and the following components were added (final volume 0-251ml.): 100 myanoles of [HC]ATP,
180 nponoles each of GTE, UTP and CIDP (uot added when measuring polyadenylie acid
formation), 3 pnoles of famercaptocthanol and 8y of RNA polvincrase. After 10 min at 37°C
the reaction wa stopped in the usual marmer and assaved tor polvadenylie acid formation or
RNA synthesis as described in Materials and Methods.

climinates the ability of the calf thymus DNA preparation 1o serve as primer for
Polyadenylic acid synthesis, but has little effect on its ability to dircet the synthesis
of complementary RNA. As expected, a similar treatment of heat-denatured DNA
with the exonuclease T destroys its ability to dircet both RNA and polyadenvlic
acid synthesis. Thus, although cither single- o double-stranded DNA is used as
template for RNA synthesis, only single-stranded DNA ean direet the formation of
Polyadenylic acid.
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The ability of various DNA preparations of widely differing nucleotide composition
to support polyadenylic acid synthesis is shown in Table 3. Although the dI and ¢
polymers arc effective templates for RNA polymerase, divecting the synthesis of
rC and rG polymers respectively (Table 4),1 neither polymer supports polyadenylic.

TABLE 3

Ability of various polydeoxynicleotides o dirvect polyadenylic ucid synthesis

DNA added [HMCIAMP incorporation
(mpmoles)
Heat-denatured calf thymus DNA 35
Calf thymus apurinic acid )9
Heat-denatured A DN A 2-1
dTy, oligomer 91
dTy oligomer 22
dAT copolymer <0-03
dl polymer <03
dC polymer <0-03

The standard RNA polymerase assay system was used except that no GTP, UTP or CTY was
added; the only polynucleotide added was that shown. [YCJATP had a specific activity of
690 cts/min/myunole. The amounts of the different preparations added were: 50 yyunoles of
denatured calf thymus DNA; 20 mpumoles of A DNA; 94 mpmoles of d'Fy oligomer; 12 mpmoles
of d'7';4 oligomer; 60 mpumoles of upurinic acid deoxynucleotide; 15 munoles of dAT copolymer;
5 mpmoles of dI polyrner; and 5 mpumoles of dC polymer. 4 pg of RNA polyiicraso were used in
cach experiment.

Tapre 4

RN A synthesis divected by dI and dC polymers

Template [H(nucleotide added Tm',r)rp()r:\‘tll(m
(mpmoles)

ac [C¥N 10-0
ATP 0-18
TP 015
ure <010

di GTP < 010
ATP < 0-03
cTP 21-0
Uty < 0-10

The standard system and assay procedure were used except that, in the dC-directed reaction,
5 mganoles of AC and 73 pg of enzyime fraction 4 were incubated 45 min at 37°C. Tn the dT-directed
reaction 4-5 myamoles of dI were incubated with 30 ug of enzyme for 20 min.

The specific activities of the C-abeled nucleotide substrates were: UTP and GTP
200 ets/min/mumole; CTP, 300 cts/min/mzanole; ATP, 500 ctsminmpumole,

acid formation. Therefore, the DNA requirement in polyadenylic acid formation 18
not simply a requirement for a single-stranded polydeoxynucleotide, Parenthetically,
it should he noted that the faiture of these DNA homopolymers to direct synthesis of
. - . : fing
RNA homopolymers other than those predicted on the basis of Watson-Crick pairing
i The dG polymer failed to support a detectable ncorporation of any of the four ribonucleoside

triphosphates. This result may be due to the ability of polvguanylic acid to form complexes “;‘91
an extrernely stable, highly ordered secondary structure (Ralph et al., 1962; (ellert ef al., 1905
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. template and product further supports the notion that under these con-

petsre L . . . . ) o~ )

i addition of a ribonucleotidyl unit to a growing RNA chain occurs only under
gt ’ . . e :

oo eetion of a complementary nueleotide base in the DNA template. No poly-
e J .

o acid formation was observed with dAT copolymer even though hall of its
fide buses are thymine residues. This may be the result either of its alternating

5 de sequence, or of its helical secondary structwre. The ability of apurinic acid
aieet polyadenylic acid synthesis is noteworthy, beeause this material contains
ol the thymine and eytosine residues of the original DNA attached to the phospho-
e baekboue. These results support the view that polyadenylic acid synthosis

.. denendent on the presence of sequences of thymidylie acid residues in the DNA
i i . o o

(h) Tuhibition of DN A-directed polyudenylic acid syathesis by
the other ribonucleoside triphosphates
M igh-efficiency inkhibition

One remarkable feature of polyadenylic acid formation by RNA polymerase is the
marked decrease in the rate of synthesis obscrved on adding low concentrations of
U1, GTP or CTP to the DNA-divected reaction (g, 1). The inhibition observed
with any single ribonucleoside triphosphate reached 30 to 400 as the concentention
of that triphosphate was inereased to about 1x10 %3 and then remained nearly
constant over a further fivefold incrcase in inhibitor concentration. Half-maximal
whibition was achieved at about 210 7 a1,

Because of the extremely low concentrations of triphosphate necessary to give the
inhibition shown, this phenomenon has been designated Ligh-efficicney inhilitinn.
This inhibition is not affected by a fivefold increase in the concentration of the
divalent metal ions in the reaction; similarly, no eflfect was scen when the DNA primer

concentration was varicd over a tenfold range (30 to H00 myemoles per assayvy. The
denatured DNA primer was present in saturating concentrations in all experiments.
Thus, it does not seem that the inhibitory cffect is mediated through the availability
of the metal ion, or by lowering the aflinity of the enzyme for the DNA primer.
Furthermore, an increase in the ATP concentration from 1 to 8 x 1073 a1 did not
change the inhibition of DNA-directed polyadenylic acid synthesis produced by
45107830 GTP. This suggesls that hizh-efliciency inhibition by anv of the three
neleoside triphosphates is not due to simple competition with ATP for a site on
the enzyme. s

The inhibitory effeets of the individual ribonucleoside triphosphates were found
to be independent and youghly additive (Table 5). Thus, with a denatured HDNA
primer, increasing the concentration of a given triphosphate from 2 to 4 x 1075 a1 id
not significantly change the level of inhibition (Fig. 1), whercas addition of a sceond
ribonucleoside triphosphate at 2 x 1076 nearly doubled that level of inhibition
(Table 5). 1u the presence of all three remaining ribonucleoside triphosphates, theve
was almost complete inhibition of AMP polymerization. Under these latter conditions,
Le. the presence of all four nucleoside triphosphates, synthesis of complementary
BNA can occur; however, in this experiment the concentrations of UTE, GTP and
CTP in the veaction are so low (about %5 of the appavent K| previously determined

1 Formal kinetic analysis of high-cfficiency inhibition of DNA-directed polvadenviie acid
f(\)rmution was handicapped by the presence of low-efficicney inhibition (see following text), and
50 by substrate inhibition which swas scen at concentrations of ATP in exeess of 1 to 2 x 10 ¢ aL



-1
—
e

M. CHAMBERLIN AND P. BERG

A e

401

20l uTP

100

Y activity
o

20l TP

A l !
0 1 2 3 4

Triphosphate added (M <10%)

Fre. 1. Inhibition of DNA-directed and apurinic acid-dirccted polyadenylic acid synthesis by
UTP, GI'P and CT'P at low concentrations. The standard RNA polymerase assay conditions were
used, except that 15 mpmoles of denatured ealf thyvruus DNA or 46 mumoles of apurinic acld
were added, and the only nucleotides added were [PCIATP (4 % 10~431) and either UTP, GTP
or CTP at the concentrations shown. 3 pg of enzyme were added and 53-3 myumoles of polyadenylic
acid were formed in the absence of any inhibitor. -(O—0O—, apurinic acid primer; —@— @
denatured DNA primer.

by Chamberlin & Berg, 1962) that the actual rate of synthesis of complementary
RNA is negligible. Thus, in the presence of exceedingly small amounts of all three
of the other ribonucleoside triphosphates, the DNA-dependent synthesis of poly-
adenylic acid is completely abolished.

(ii) Lffect of DNA composition on high-efficiency inhibition

A clue to the mechanism of this high-efficiency inhibition of DNA-directed
polyadenylic acid synthesis was provided by experiments in which DNA polymet®
of restricted base composition were used as templates (Table 6). With d'ly oligome?
as template, none of the other ribonucleoside triphosphates gave high%‘ﬂ'iciencﬁf
inhibition of polyadenylic acid formation; similarly, addition of non-conlp]elnentar)"
ribonueleoside triphosphates—that is, ribonucleoside triphosphates for which thefa»
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T'anre 5
Additive tnhibition by UT'P, GTP and (11 of DN A-directed
polyudenylic ucid synthesis

L

Inhibitors added [HCJAMP incocporation
%

None 100

GTY 56

vTp 65

cre 52

GTe, UTp 25

aG1e, ore 27

TP, CTP 36

GTP, Uy, Cre 4

The standard RNA polymerase assay

om was used except that 150 mpmoles of denatura:d
eaif thynins DNA were used as tenplate, and the only ribonne looside triphosphates added were
(81 1ATP and those indicated above. AT was present at 4 x 10 a0 coneentration, and the other
(,.,;l\mp}mh s were each preseut at 2 100-% ac coneontration. 3y of RNA polymorase wers used
and 51 mumoles of polyadenylic acid were formed in the absence of iuhibitor.

Tapre 6
Effects of non-complementary vibonucleoside triphosphales on RN A
homo- and copolymer synthesis

Inhibitor 0 L i
26 activity retanining with:

DNA template Substrato concentrution oy UTe Crp ATP
(31)
4l polymer [A-22PCTP (4 x 107 a) 410t 100 37 vt
2x 10 201 23 —- 15
dC polymer [BCIGTE (1 x 1071 a1) Lx 164 — 03 03 160
dAT polymer [HMCIATP +UTP 2% 101 a6 . 106y .
(2 x 10~ a1 each) Sx 10 b 56 — 71 e
[HCIATP +UTP

(12 x 1078 v each) Sx 10 24 .- 38
ATy oligomer FHCIATE (4 % 1079 ar) 210 ¢ 100 82 110 -
2w 1078 24 7 40 - -
4107 i 2 3 -

The standard RNA polymerase assny svstem was used exeept for the DNA and ribonucleoside
triphos sphate components added, whicl were as listed in the Table. The amount of poly-
e oxynucleotide added, and the amount of polyribonuceleotide produced in the absence of
inhibiting triphosphates was: 8 mumoles of dL polymer added, 0-5 mpmole of yC polymer
pr Oduuod 20 mpmoles of d( polymer added, 10-7 mpmoles of »G polymeor produced; 94 myrioles
of T, olmomoz added, 2:2 mpumoles of rA polymer produced; 22 myanoles of dAT copalymer
added, 56 and 9 mpumoles of rAU copolymer pmdncm at [ATP] = 2x 10y and 12 x 10 % M,
tespectively. 6 pug of RNA polymeraso were wied in cach experimient with the ]n)'nopul\xn(’r\
end 1-5 ug of enzyme wore u:od with dAT copolymer.
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is no Watson—Crick complementary base in the template—gave no inhibition of {hy
synthesis of rC, vG or rAU volymers directed by dL, dCov dAT polymers, respectively,
when the concentrations of these triphosphates were equal to the concentration of tl‘xe',
substrate triphosphates. (The significance of the inhibition obscrved at higler
coneentrations of non-complementary ribonucleoside triphosphates will be discusseq
in a later seetion.) Finally, and most important, with apurinic acid-—which confaing
only thymine and cytosine as deoxynucleotide bases—hich-efficiency juhibition of
polyadenylic acid formation occurred only with G (Fig. 1), These resulis indicate
that high-efficiency inhibition is intimately linked to the prescence in the DNA
template of the particular nucleotide base complementary to the inhibiting ribo.
nucleoside triphosphate.

(ill) High-cfficiency inhibition by other nucleotides

High-cfficiency inhibition may not be restricted to the ribonucleoside triphosphates;
ribonuclieoside diphosphates and deoxynucleoside triphosphates also gave significant
levels of inhibition at low concentrations, although the actual percentage of inhibition
obtained was in general somewhat fess than that obtained with the corvesponding
ribonucleoside triphosphate (Tuble 7). Tn some cases (e dTTP and UDP) the

TanLe 7
Lihibition of DN A-divected polyadenylic acid synthesis by low concentrations
of deoxyribonucleoside triphosphates and ribonucleaside diphosphates

Tnhibitor added AMP incorporation
9[/)
Nonae
GTe
“DP BE
JdGTY 75
Cre 57
cnpe 62
acry 74
TP 71
vDor 87
RN 93

The standard RNA polymerase assay conditions were used except that 1350 mpanoles ©
denatured calf thymus DNA were used as primer and the only nucleotide added W&
[HCJATP (4 x 1074 n) unless specificd otherwise. Inhibiting nucleotides were all present ”
1-2%107% v final concentration. 3 pg of enzyme were added and 3-6 mpmoles of p(a].\'ndvn}"ﬂ'j
acid wereo formed in the absenco of any inhibitor. i

analogues gave very little inhibition at the concentrations tested. It is not know
whether the deoxyribonucleoside and diphosphate derivatives are active per se, B
simply less inhibitory in ecrtain cases, or whether the activity observed in the?
cases 1s due to contamination with ribonucleoside triphosphates. The latter €
planation seems less likely, since the coneentrations of, for example, ACTP 1'(‘(‘;11iIde

- . - ey e « . . . v
to produce a half-maximal inhibition were quite similar to those required for C17

Although we had previously reported that the deoxyribonucleoside triphospha
would not replace the rihonuelcoside triphosphates with the £, eoli RN\ polymera®
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4 emed desirable in view of the above to confirm this ohservation using a labeled

:m.\'-;nm;[(w')t,i(Il‘ as suhstrate., The results, Table 8, show that dATP is vsed at Tess

tha:

2 to 39 of the rate of ATP for complementary RNA synthesis with either

aative or denatured DNA, and at less than 190 of the rate of A'TP for polvadenylie

aukt

{ formation. Although the deoxynucleotide preparations wsed had heen treated
with periodate (Lehman et al., 1938) to remove ribonucleotide eontaminants, it is
)

W1 not possible to exclude the presence of o 2 to 39, contamination of the dATE

with AT, and henee the significance of this incorporation js questionable.

TADIE S

Ctilization of dAT L Ly RN A polymicrase

Conecentration

AMP

imcorporation with:

Substrates of Salmon sperm Heated ealf themus
triphosphates DNA DN A
(a1) (imyunoles)
(1) [HCIATE, GTP, Uy, TP 4-0x 10 ¢ 4-9 2.2
(2) [*PATY, GLP, UTe, OTP 32 % 10t 0-03 0014
(3) Same as (2) G4 104 0-12 000
(4) Same as (3), no enzyme Gdx 10 — < 002
(5) [MCIATY 50x 10 1 19
(6) [(MCIATP 50> 10 ¢ < 01

Standard assay conditions were used except as noted. T experiments 1 through 4, 250 nynuoles
of salmon spertm DNA or ealf thymus DNA weore added with 6 pe of (raction 4 RN A polyimerase.
In experiments 5 and 6, 250 myumoles of calf thymus DNA were added with 47 pg of enzyme

R LTal

and incubation was continued for 80 min at 37°C.

{iv) Low-efficiency tuhibition

Addition of increasing amounts of UTD, GTP or CTP to the DNA-directed system
for polyadenylic acid synthesis ultimately led to a complete inhibition of polyvadenylic
acid formation (Fig. 2). This type of inhibition (low-efficicney inhibition) was not

100 1 —
i
EC G
D601\,
- @
o
w
o )
32 40 ¢
AN »
201 - U\\\\
~
-
— R
—
d——— o
: i T 2
0 1 2 3 4

Triphosphate added (Mx107)

Fre. 2, Inhibition of DN A -directed polyadenylic acid syntlesis by UT P, GTEP and CTP at high
concentrations. Tho standard RNA polymerase assay condirions were used, except that 150
Inpnoles of heat-denatured ealf thymus DNA were added, and the only mucleotides added were
MCjATP (4 x 101 ar) and cither UTP, GTP or CTP at the concentrations shown. 3 pg of enzvine
were added and 5-3 1npmoles of polvadenylic acid were fornied in the absenee of any inhibitor.
BB, UTP added; —O—C—, GTP added; -~ @-- @ —, (TP added,
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restricted to polyadenvlic acid formation, but occurred during polynucleotide
synthesis with all templates of restricted base composition when non-complementary
triphosphates were added at concentrations in excess of the substrate triplmwhnté
(Table 6).

To avoid possible diffienlties introduced by the presence of high-cfficiency inhibition,
it was convenient to study the inhibition of rAU copolymer synthesis by GT'P ang
CTP as an example of low-efficiency inhibition. I'he inhibition was not relieved by
a fourfold increase in the concentration of divalent metal ion or a fivelold increase
in the concentration of template. As in the case of high-cfficiency inhibition, the
deoxyribonucleoside triphosphates and ribonueleoside diphosphates were also active
as inhibitors (Table 9). The ribonueleoside monophosphates did not inhibit cither

Tapre 9

Inhibiiion of r AU synthests by variovs non-complemwentary nueleotides

o neriment Inhibitor rAU synthesis o
. added (mpemoles) v
(1) - 5506 100
ore 391 7l
acre 378 68
oDy 380 69
Gre 312 536
JGEP 29-4 n3
GDP 10-0 2
(2) -- 9-0 100D
ore 34 33
dCTp 5-0 56
Chp 4-8 o
GTP 2-6 jias]
aGTe 26 )
GDP 5.6 62

The standard RNA polymerase assay was used except that the only nucleotide components
added were those shown. Each incubation contained 22 myanoles of dA'D copolywer and 1-5pg
of RNA polvmerase. In experiment 1, the concentration of [VCJATP and VPP was 2x 10 '
each and in exporiment 2 the concentrations were 1-2x 107% a each. Inhibiting mucleotides
were added at 8 x 10-* 21 in each case.

complementary RNA or polyadenylic acid synthesis at the highest concentrations
tested (2x10% ). Low-cfficiency inhibition by a triphosphate appeared to be
competitive with respect to the substrate triphosphates. Kinetie analysis of the
inhibition of rAU copolymer synthesis by GTP and CTP (Fig. 3) using the method of
Lineweaver & Burk (193:4) showed that in the presence of inhibitor the apparent Ky
for the substrate triphosphates was increased, but there was no change in the ma ximal
rate of rAU synthesis. By this method, apparent K, values of 4dx 107! and
37 %10~ were determined for GTP and CTP, vespeetively., K values for ATP
ranged from 85x 1075 to 1-3x 1074 a1 in repeated experiments. The A found for
the inhibition of rAU copolymer synthesis by GTP appeared to be nearly constant
at different substrate concentrations {using the method of Dixon (1953) to determine
K,), whereas the value determined for CTP decreased from 97 x 1074 to 3% 1ot
as the concentrations of ATP and UTP in the reaction decreased from 2x 107
to 4 x 1064y,
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The method of Dixon (1953 allowed an analysis of the low-efliciency inhibition of
pya-de pendent polyadenylic acid synthesis by UTP, GTE ov CTP in the presence
of hig n.efiiciencey inhibition. When the reciproe:  rate observed at high concentrations
]],11>1Lm with denatured DNA template was plotted against the concentration of

lml[()l a lincar relationship resulted over the range of in hibitor coneentrations
i )

0181~

014~

+ GTP

0121~

v 010

— unit

v
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Fro. 8. ICinetic analysis of the inkibition of rA U synthesis by (1P and (11, The figure shows

¢ reciprocal rate of AMP incorporation (1 unit = Limpmole of {HCIAMEP lncorporated per 1 hr)
plotted against the reciprocal of ATYP concentration. The standard BNA polybierase assay
systemn wag used except that dAT copolymer and the nucleotide components shown were added.
Each incubation contained 22 pimoles of dAT copolymer and 1:5 g of RNA polymerase. CUP and
(’JP were added, where indicated, at 6 x 107 >, and the UTP concentration was kept equal to

o ATP concentration. The K, ealenlated for ;\ P12 was 85 x 105 ar,

from §x 1075 to 4 x 1073 L. By subtracting the fraction of the inhibition due to the
high- efficiency inhibition from the total inhibition observed at each coneentration, it
Wag fuund that the average value of the low-cfficieney K| for each triphosphate was

foom 2.5 to 4% 10-*ar. When AT, oligomer was used as primer, the relationship
47
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obtained by plotting the reciprocal rate against inhibitor concentration was ngy.
linear; the efficicney of inhibition increased markedly above an inhibitor concentratioy
of 4 x 10~% a1 (see Table 5) until at 4 x 1073 ar inhibitor concentration less than 59 of
the original activity remained. The significance of this discrepancy and of th,
apparent difference between GTP and CTP in the inhibition of AU copolymey
synthesis is not presently known.

Although the detailed features of low-efficiency inhibition require further study,
the competitive nature of this process suggests that the inhibition may be due :[o
competition between the inhibiting triphosphate and the substrate triphosphate foy
a common site on the enzyme. Apparvently simple binding of a nucleotide to the
enzyme is not dependent on the presence of a complementary nucleotide base i the
DNA template. Furthermore, the specificity of this site is apparently not direeted
toward the sugar residue of the nucleotide or the terminal phosphate of the triphos.
phate moiety.

4. Discussion

The results reported here and those of Falaschi ef «f. (1963) support the hypothesis
that DNA-dependent formation of polvadenylic acid by BNA polymerase results
from reiterative copying of scquences of thymidylate restdues in a single-stranded
DNA template. In this important respect, therefore, polyadenylic acid synthesis and
complementary RNA synthesis are identical; in Doth, the specificity for poly.
merization of the nucleotide units resides in the baxe sequence of the template,
However, three features of DNA-directed polyadenylic acid synthesis deserve com-
ment: frst, there is the disparity between the length of the product and the template,
secondly, polyadenylic acid synthesis is inhibited by extremely low concentrations
of ribonuecleoside triphosphates; and finally, polyadenylic acid synthesis requires a
single-stranded DNA as template. It is to these unique features that we will now
direct our attention.

(a) Reiterative copying by RNA polynierase
Whetlher the template is a short d'T oligomer or a sequence of deoxythymidylic
acid residues in single-stranded DNA, the resulting polyadenylic acid strand exceeds
the length of the template sequence by as much as 10 to 20 thmes (Chambetlin &
Berg, 1962; Falaschi ef al., 1963). While the existence of very long sequences
of deoxythymidylic acid residues in DNA cannot be unambiguously excluded
(Shapiro & Chargaff, 1960; Burton & Petersen, 1960), in DNA from phage ¢X 174,
which is an effective primer for polyadenylic acid formation, the longest sequence of
pyrimidine residues is 11 (ITall & Sinsheimer, 1963).
Hypothetically, synthesis of poly A might result from two sequential processes,

the first a copying of the deoxythymidylic acid sequence, and the sccond, which
could be independent of the primer, a chain-lengthening process. Tn practice, it has

in the absence of DA (Chamberlin & Berg, 1962) and hence there is no reason 0
suppose that the reactions, copyving plus chain lengthening, are not one and the
same. It is, therelore, attractive to suppose that chain lengthening is simply the
manifestation of reiterative copying of a given template deoxythymidylic acid
sequence, This could vesult from an interruption of the adenine to thymine base pairs
produced during copying of the deoxythymidylic acid sequence, so that unpaired
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thymi e residues are exposed at the growing terminus of the polyadenylic acid

chain (Fig. 4(A)). Thus, by the alternate processes of “slippage” and copying,

peiterative copying of a given deoxythymidylic acid sequence would Le achicved
Chm‘bUhn & Berg, 1962).

(A)
T->T-> T"'*T“*T**T",\'
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VG, 4, A schematic model for the weclardism of veiterative copying (A) and of high-efficicuey
inkibition (I3).

A somewhat analogous reiterative copring of an oligomeric tomplui(- has also been
observed to occur with the £. coli DNA polymerase (Kornberg, Bertsch, Jackson &
Khorana, 1964). Oligomers consisting of alternating deoxyadenylic acid and deoxy-
thymidylic acid residues, ranging in chaindength from cight o fourteen residucs,
were found to dircet the synthesis of the Jong-chain copolymer dAT (Schachman,
Adler, Radding, Lehman & Kornberg, 1960) without themselves being covalently
corporated into the growing dAT chain.

i the example noted above, as in the case of DNA-divected polyadenylic acid
synthesis, the product ean form a stable intramoleenlar structure, in this case the
hié’hly ordered dAT helix (Inman & Baldwin, 1962; Davies & Baldwin, 1963). Tt
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may be that intramolecular complex formation by the nascent polynucleotide
strand is an essential feature of reiterative copying. Thus, a weakening of template.
to-product bonds, leading to a slippage process such as that postulated in Tig. 4(A),
could be facilitated by the formation within the product molecule of an ordered
structure. Such a phenomenon might explain why:

(1) polyuridylic acid synthesis, which probably vesults from copying of
complementary deoxyadenylic acid scquences in the DNA template, ocenrs gy
only 5 to 109 of the rate of polyadenylic acid synthesis (Chamberlin & Rerg, 1962),
Although polyadenylic acid chains interact readily to form highly ordered, helical
structures (I'resco & Klemperer, 1959); polyuridylic acid has no apparent secondary
structure at temperatures above 10°C (see Lipsett, 1960); )

(2) while d7T,, oligomer is a good template for polyadenylic acid synthesis,
dA, oligomer fails to support polyuridylic acid synthesis (Falaschi ef al., 1963),

(bY Inkebition of DN A-dependent polyadenylic actd synthesis by
GIP, UTPand CTP

The second notable feature of the DNA-dependent synthesis of polyadenylic acid
is the marked inhibition of this synthesis by the addition of low concentrations
(less than 1078ar1) of the other ribonucleoside triphosphates. This is not a simple
corapetition for a common site on the enzyme per se since, for example, dAT-directed
rAU synthesis is unaffected by a 100-fold higher concentration of CTP than is
required to give a maximal inhibition of DNA-directed polyadenylic acid synthesis.
Moreover, this inhibition Is not a nccessary characteristic of reiterative synthesis,
since RNA polymerase-catalysed polyadenylie acid synthesis directed by the dT
oligomers as templates is not affected by any of the ribonucleoside triphosphates at
concentrations Jess than 10743t (when the substrate triphosphate concentration is
4 x 1074 a1).

High-efficiency inhibition is non-competitive with respect to substrate and template,
and reaches a limiting value of 30 to 409%, with any one triphosphate; with more
than one triphosphate, the inhibitions are approximately additive. Since GTD,
but not CTP or UTP, shows high-efficiency inhibition of polyadenylic acid synthesis
with apurinic acid as template, we conclude that such inhibition occurs only when
the deoxynucleotide base complementary to the inhibitor is present in the template.
This fact, taken with the unusual characteristics of the inhibition, c.g. partial yet
non-competitive, suggests that polyadenylic acid synthesis is completely blocked
by any single triphosphate at some, but not all, of the deoxythymidyhic acid seqnences
serving as template. Specifically, it seems likely that a given ribonucleoside triphos:
phate inhibits polyadenylic acid synthesis only at a sequence of deoxythymidylie
acid residues which is terminated by a base complementary to the inhibitor. For
example, copying of the sequence (pT),pC would only be inhibited by GTP; (1P
and UTP would have no effect oun polyadenylie acid synthesis at this sequence, bt
they would inhibit at (pT),pG and (p'1),pA sequences, respectively. ,

One simple explanation of high-efficiency inhibition is that the inhibitory
nucleotidyl moicty is incorporated at the end of the growing polyvadenylic acid chail
and that this prevents slippage because the inhibitor hase cannot beecome hydroge
bonded to the adjacent thymine residue (see Fig. 4(B)). This notion, howeveh
does not account for the observation that deoxyribonucleoside triphosphates and
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ponneleoside diphosphates. which do not serve as substrates for RNA polymerase,

pm(iucv high-efficieney inhibition. Moreover, since high-cfficiency inhibition occuars
{n the presence of excess DNA and is not reversed by adding more DNA, it cannot

pe due simply to inactivation of template molecules.

Therefore we might propose that high-efficiencey inhibition resalts from the inactiva-
tion of an enzyme-template complex. Perhaps, daring the normal copying process,
advancement of the enzyme from a DNA Dase, #, which had just been copied, to the
pext base in the sequence, n41, requires a binding to the enzyme of the ribo-
aucleotidyl moiety complementary to base n41. The next ribonucleotidyl vesidue
1o be built into the chain would then “pull” the enzyme along the HNA template.
In the absence of the base complementary to the template base n4-2, the enzyme
would remain complexed to the #+1 bage pair. Thus in the presence of AT alone,
RNA polymerase would remain on the terminal residue of a sequence of
deoxythymidylic acid residues and, by reiterative copying, gencrate polyadenylic
acid. However, if the enzyme were “pulled” away from this scquence by the
pucleoside triphosphate complementary to the nucleotide base terminating the
deoxythymidylie acid sequence, reiterative synthesis of polyadenylie acid synthesis
would be blocked and the enzyme would remain bound at that site.

This model requires that during bigh-efficiency inhibition the enzyme-template
complex be non-dissociable. One possibility is that the complex formed between
RNA polymerase and the template DNA is non-dissociable even under the usual
conditions of synthesis. Alternatively, it may be that only the ternary complex
enzyme—inhibitor—template is non-dissociable. Resolution of this question will come
from further study of the nature of the enzyme-template complex.

(c) The requirement for single-stranded )N A

Whereas RNA polymerase utilizes either single- or double-stranded DNA as
template for the synthesis of complementary RNA (Chamberlin & Berg, 1962),
only single-stranded DNA direets polyvadenylic acid formation. Since, statistically,
sequences of deoxythymidylic acid residues should seldom, it ever, occur at the
ends of the molecule, it appears that RNA palymerase is able to initiate copying
at an interior point of a single-stranded DNA chain. This is also shown by the
ability of single-stranded DNA from phage $X 174 to act as template for RNA
polymerase (Chamberlin & Berg, 1963,1964; Sinsheimer & Lawrence, 1964), since
this DNA appears 1o have no free end.

Why is helical DNA inactive in dirccting polyadenylic acid formation? Since RNA
polymerase has a much greater affinity for single- than for double-stranded nucleic
acid  (Hurwitz of «l., 1962; Chamberlin, 1963; Wood & Berg, unpublished
ObS(‘,r\'ations), it may be that the enzyme is restricted in its attachment to single-
sitanded regions of the DNA molecule. Sueh regions exist at breaks in. or at
the end of, the DNA helix (Rich & Tinoco, 1960) as a result of the end effect
(Schellman, 1955). Thus RNA polyvmerase in vilro may initiate copying only at thesce
loci, The probable restriction of deoxythymidylic acid scquences to the interior of
the helix would thercfore prevent a helical DNA molecule from being used as a
template for polvadenylic acid synthesis. An alternative possibility is that this
quirement for single-stranded DNA could be a unique feature of reiterative
9pying; in a helical structure, the deoxyadenylic acid sequence complementary to
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the deoxythymidylic acid sequence being copied might rapidly displace the poly.
adenylic acid from the template scquence, thus preventing further reiterative copying
of the sequence. A displacement of this sort has been postulated to oceur during the
synthesis of complementary RNA on helieal templates (Chamberlin & Berg, iﬂﬁgy
1964). A choice between these two alternatives must await further study. Tn pari.
cular, it is of great interest to know whether RNA polymerase in oitro hag o
restricted number of starting points on the DNA helix.

(d) The specificity of RN A synthesis

In previous discussions we sought to explain the unigque high-efficiency inhibition
of RNA polymerase in terms of the normal mechanism of complementary RNA
synthesis. It scems appropriate at this point to explore the conseqnences of such o
model, particalarly as they relate to our understanding of how the speeificity and
fidelity of the copyving process is assured. While 1t is reasonable to assume that the
specificity of the complementary copying process resides in the known hydrogen.
bonding relationships between the complementary bases (sce Crick, 1957), in a free
cquilibriun the strength of the interactions between a nueleotide hase in DNA and
a mononucleotidyl residue is not great enough to produce any significant coneentration
of base pairs (sce Lipsett, Heppel & Bradley, 1961). Therefore, the enzyme must
participate in forming and stabilizing the pairing. How does the enzyme carry out
this process? Quite possibly the enzywme might first bind the ribonudcoside
triphosphates in a veversible equilibrium at a common site. Evidence for such an
iitial, low-affinity binding is that any ribonucleoside triphosphate inhibits the
synthesis of polymer in a manner which is competitive with the substrate triphosphate
(low-efficteney inhibition).

Where the bound triphosphate is complementary to the next DNA base to be
copied, that triphosphate is bound cither irreversibly, or with a very high affinity,
even if it cannot participate in phosphodiester bond formation. Thus, the con-
centration of a triphosphate required to give half-maximal inhibition of DNA-
dependent polyadenylic acid synthesis is about 2x 10773, suguesting that the
allinity of the enzyme for a complementary triphosphate may be as much as 1000 to
2000 times greater than its affinity for a non-complementary triphosphate.t It seems
unlikely that this large increase in affinity could result entively from the formation
of two hydrogen bonds, with a AF of about 3 keal (Schellman, 1955), and it may be
that a considerable part of this increase is actually due to a change in the structure
of the enzymic site. Thus, although the specificity of the copying process resides i
the ability of the incoming nucleotidyl unit to form a hydrogen-bonded base pair
with the DNA template, the increase in affinity of the enzyme for the nucleotide
which forms the correct pair could magnify this seleetivity many-fold.

(¢) What is the role of the DN A-dependent synthesis of polyadenylic acid?

In addition to the DNA-dependent RNA polymerase, several other enzymes have
been deseribed which carry out the synthesis of polyadenylic acid. Thus, in the
presence of ADP, polynucleotide phosphorylase produces polyadenylic acid. Augush

4 . - . e
et al. {1962) have isolated an RNA-dependent enzyme from L. coli rihosomes which

e
i If the interaction between inhibitor and enzyime in high-efficlency inhibition is irreve rsib ’

as expected from the models proposed above, then it is not valid to use the apparent A v

found for this inhibition as mecasures of the aflinity of the enzyme for the triphosphates.
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verts ATP to polyadenylic acid. A similar enzyme, apparently from the non-

oot N . . . e o
al fraction of K. eoli, has been reported by Gottesman et af. (1962). Similar

Hyosot
iin/(\nm have also been isolated from calf thymus nucled (Edmonds & Abrams,
1%}}_]0(32), and from chick embryo chorioallantoic membrane (Venkataraman, 1{)(’32‘).
Ty the former case, the enzyme shows a requirement for the presence of a polyribo-
i,‘m;iwlid(% isolated from the same source, which closely resembles polyadenylic acid
(yj(imﬂnds & Abrams, 1962). Despite the widespread occurrence of these enzymes,
aul the suggestion that this polymer may exist in vivo, no function is known for
pul\'n(it‘11yli(-, acid, although it has been speculated that it may play some part in the
control of protein synthesis (August et al., 1962; Edmonds & Abrams, 1962). 1t

geoms doubtful that the DNA-dependent RNA polymerase accounts for a significant

~~~~~~

thia activity by extremely low  concentrations of the other ribonucleoside

Uviphosphates.
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